With increase in pulverized coal injection rate to blast furnace, renewal behavior of deadman has been attracting much interests. This paper focuses on the renewal rate of the deadman induced by the sink-float motion of hearth coke bed, and it is discussed through cold-model experiments using half-cut model of blast furnace. Trajectories of packed particles in the deadman zone are converted into the transient velocity field, and further to the distribution of time required for particle transferring to the raceway zone. With this distribution the renewal rate of the deadman is quantitatively discussed. As the results, it is revealed that increase in the amount of accumulated water in the hearth, shallower hearth depth, and increase in gas flow rate make the discharging time of particles in the deadman zone shorter, and this tendency is explained by the height of sink-float motion of the hearth packed bed. About ten percent of particles that are discharged from the raceway passes through the deadman zone in the standard condition of this study. The particle movement induced by the sink-float motion of hearth packed bed is indispensable mechanism in the evaluation of deadman renewal.
Introduction
With increase in pulverized coal injection rate to blast furnace tuyere, packing condition of deadman region have gotten a lot of attention because this area has great effects on distributions of gas and liquid in the lower part of the furnace. The permeability of this region depends on the structure of packed bed that includes not only particle diameter, shape factor, arrangement of coke particles and voidage but also the deposition of fine particles and hold-up of molten materials. To control and optimize the permeability of deadman region, it is necessary to understand accumulation behavior of these materials. The accumulation process includes the deposition, removal, consumption and transportation.
Shimizu et al. 1, 2) and Takahashi et al. 3) performed experiments on motion of burden materials in cold model of blast furnace. They revealed that the coke particles charged to the central part of the burden surface reached to the vicinity of the deadman surface, and a portion of these particles entered into the deadman when the packed bed in hearth region gradually descent.
Kimura et al. 4) and Shibata et al. 5) studied formation of "coke-free space" in the bottom region of blast furnace during hot metal accumulation using planar two-dimensional cold model. They pointed out that the packed bed in the hearth region started to move upward when the liquid level exceeded certain level and buoyant force became able to support load of packed particles. This behavior forms cokefree space. During expansion of the coke-free space, particles beneath the raceway zone go up faster than ones in the central region do, and forms non-flat bottom surface of packed bed. On the contrary the bottom of the bed becomes flat when liquid is discharged. Takahashi et al. 6) proposed a method to estimate force balance in the lower part of the blast furnace for floating of the hearth packed bed based on stress field in the packed bed and buoyancy force. This theory pointed out that the coke-free space was formed in many actual blast furnaces while the coke-free space was exist only in the peripheral part in some cases. Nouchi et al. 7, 8) carried out cold-model experiments and numerical simulations based on discrete element method (DEM) on formation of coke-free space. They showed the effect of the location of coke consumption region on the shape of cokefree space, and the particle motion along the bottom face of the packed bed.
Takahashi and co-workers [9] [10] [11] repeated accumulation and drainage of water, and observed the motion of particles in the deadman region in a flat two-dimensional and a half-cut blast furnace model. They found that the global flow of the particles from the surface to middle of the deadman and from the central part of the deadman to the raceway zone is induced by the up-and-down movement of the hearth packed bed. Kawai and Takahashi 12) performed two-dimensional simulation based on DEM on the sink-float motion of the hearth packed bed and succeeded to reproduce over-all particle motion in the hearth region.
These findings suggests that the movement of packed particles within the deadman zone induced by the sink-float motion of the hearth packed bed is one of the mechanisms of deadman renewal. This deadman behavior is considered to play an important role in the consumption of accumulated materials, such as fine powder and low-fluidity liquid, because these deposited materials follow the motion of packed particles. Therefore, it is necessary to understand the renewal behavior of the deadman quantitatively for evaluation of net accumulation rate of these materials. Although the previous works pointed out the importance of the bed movement within the deadman region, they mainly focused on the formation of the coke-free space, the molten metal flow in the coke-free space, and so on. Takahashi and his co-workers examined the effect of the floating height and sinking depth on particle trajectories. The renewal rate of the deadman, however, was discussed merely based on particle discharging rate from raceway zone and generation rate of coke-free space.
This study carried out cold-model experiments on particle motion in deadman region in a half-cut blast furnace model, and discussed deadman renewal rate quantitatively based on the particle trajectories measured in the experiments. Figure 1 shows a schematic diagram of the experimental apparatus. The main part of this apparatus is a half-cut blast furnace model of which cut plane is covered by a transparent Perspex board. The detail of the cold model is depicted in Fig. 2 . The diameters of hearth, berry and throat of this model are 240, 260 and 160 mm, respectively. The total height is 826 mm. Eight tuyere are inserted from the sidewall with descending angle of 5 degree, and their noses are set at 265 mm from the bottom. This nozzle height, in other word hearth depth, is larger than that of actual blast furnaces in its proportion. This shape allows to examine the effect of the hearth depth on the particle motion in the deadman. Discharging pipe for solid particles is put on the vertical wall, and the center of the opening of this pipe coincides with each tuyere nose.
Experiments
Polystyrene-polyethylene foam particles of which averaged diameter is 2.8 mm and density is 140 kg/m 3 are used as packed particles. It is charged to the top of the half-cut model from a hopper, and discharged from the discharging ports surrounding the tuyere noses to simulate the coke consumption in the raceway zone. Screw feeders that are connected to the discharging pipes control the discharging rate of the particles. The discharged particles from the model are stored in the particle collectors that are close boxes to avoid gas leak from the lower part of the half-cut model. Nitrogen is supplied from the gas cylinders through a gas distributor that makes gas feed rate from each nozzle uniform. The gas injected through tuyere flows upward and out from the top of the model. To simulate hot metal accumulation and tapping, water is poured from the feed port on the bottom and drained from the tap hole on the sidewall.
The motion of the packed particle is measured by the following procedure. The half-cut model is filled with the particle at first. Next, nitrogen gas is introduced through the nozzles at the given flow rate. Then the particles are discharged at given rate by adjusting rotation of screw feeder. Water is supplied from the feeding port at the bottom after the particle flow reaches steady state. When the water reaches to the given height, supply of water is stopped and drainage is started immediately. The maximum height of the coke-free space is recorded in this feeding-drainage procedure, and this process is repeated until the maximum height becomes constant. After this condition is achieved, the pouring-and-drainage process is repeated several times more, and the motion of the particles is measured during this procedure. Tracer particles that colored in various colors are added to the charged particles. The positions of these particles are recorded on the front cover of the halfcut model every given interval.
The sink-float motion of the hearth packed bed is induced by the force balance among the gravity, buoyancy and gas-particle drag, and the accompanying serrated horizontal movement of the particles in deadman zone is considered to be generated by the distributed force balance, particle consumption in the raceway zone, and so on. Therefore the characteristics of this serrated motion is affected by the properties of packed particles and packed bed (such as internal friction angle, wall friction coefficient) as well as the distributions of drag force and particle consumption area. The mechanisms to induce the horizontal motion of the particles, however, has yet to be clarified, thus the theoretical framework is not enough established. In this study, the feed and/or discharge rates of gas, particles and water are determined to reproduce ratios of phase velocities in actual furnace. In determination of the condition the velocity of each phase is given as average over horizontal cross section of lower bosh, and is calculated based on simple material balance. Experimental conditions for the standard case are summarized in Table 1 .
Four series of experiments including standard case were carried out. Second case is under less amount of accumulated water. In this case the feeding and draining time are shortened down to 480 and 216 s, respectively, while the feeding and draining rates are same as standard ones. The amount of water fed to the bottom in this condition is 9.6ϫ10 Ϫ4 m 3 (one in the other conditions is 1.2ϫ10 Ϫ3 m 3 ). Third case tested the effect of hearth depth. A bottom plate is inserted into the hearth at the height of 100 mm from the bottom of the vessel in this condition, as shown in Fig. 3 . Finally, the motion of the packed particles is measured without gas blowing.
Data Processing
The motion of packed bed is given as numerous trajectories of particles that are reproduced by connecting particle locations recorded on the front cover of the half-cut blast furnace model. Some examples of measured trajectories measured in the standard condition are shown in Fig. 4 . The solid lines shown in this figure express trajectories of several particles during two float-and-sink operations, and the initial and final positions of particles are marked by circles and cross, respectively. Although these trajectories give the overall movement of the packed bed, it needs complicated procedure for quantitative discussion, such as residence time of particles in deadman, particle flow rate getting into this zone, and so on because they start from arbitrary points and are composed of numerous pieces of particle tracks. It is preferable that the motion of the packed bed is expressed as transient variation of velocity vectors arranged on fixed grids. Measured trajectories are transformed into the transient velocity field by the following procedure.
The measured trajectories are pre-treated to improve processing accuracy by increasing the number of processed trajectories. The particle trajectories during two pouring and drainage cycles are schematically given as shown in Fig. 5(a) . It was confirmed in the preliminary experiments that the particle movements obtained in both sides of the center axis showed no significant difference despite the water is drained asymmetrically in the experiments. Water drainage is considered to have no suffering effect on axisymmetry of particle flow. Trajectories in the left half of the cross section are mirrored to the right half as shown in Fig. 5(b) under an assumption of axisymmetric motion of the packed particles. The trajectories during consecutive sink-and-float cycles are divided into ones in a single cycle because the periodic motion is confirmed. The locations of the particles at the beginning of a cycle are treated as initial position. In other word, time of second or later cycle is shifted to match with first cycle as shown in Fig. 5(c) . With this procedure population of the trajectory in the measured area can be increased, and usually more than 200 trajectories are used in the following procedure.
After pre-treatment the trajectories are divided into the pieces in certain time periods as shown in Fig. 5(d) . These pieces of trajectories give the average velocity and direction of the motion over the given period, namely velocity vector. However, the initial points of these vectors still locate randomly. Therefore, the measured area is divided into grids, and the velocities at the center of the grids were interpolated from the randomly distributed velocity vectors as shown in Fig. 5(e) . This procedure gives the vector plot of particle motion consists of velocity vectors on orderly matrix in given period.
The motion of packed particles is reproduced using this where, u, v and x, y are velocities and coordinates in horizontal and vertical directions. These ordinary differential equations are numerically integrated using the RungeKutta-Gill method as initial value problem to give the location of the particles at arbitrary time.
A number of trajectories of which initial points are distributed over the measured area are calculated until the particle reaches to the raceway zone or sufficiently long time elapses. As a result, the distribution of time period necessary for particle migrating to the raceway can be drawn.
In addition, the variation of particle velocity on the borders of "solid flow region-deadman", "deadman-raceway", and "solid flow region-raceway" are determined from the transient velocity field. These can be directly translated to the flow rates of particles that are discharged through raceway ceiling, and through deadman and raceway bottom. These three boundaries are schematically shown in Fig. 6. Figure 7 shows a transient velocity field in the standard condition. Noted that the all the heights shown in the following text and figures except for Fig. 13 are from the bottom of the half-cut blast furnace model depicted in Fig. 2 . The origin of the velocity vector locates at the center of each grid displayed by thin broken lines. In the period from 30 to 60 s, coke-free space has yet to formed while water is already being poured. Therefore the particle in the deadman is stagnant, and the particles flow into the raceway zone only from the upper border. In the latter stage of water feeding (150-180 s, and later), packed bed in the hearth floats due to buoyancy force, and moves upward. Because of this movement the packed particles pushed out from the deadman to the main flow region, and some particles enter into the raceway zone from the bottom of the raceway zone. At the end of water pouring period, height of the water surface and coke-free space reach up to 0.143 and 0.072 m from the bottom, respectively, and the bottom of the particle bed is flat. In the period of water drainage (840-870 s), the particles in whole measurement area move down with the decrease in the accumulated liquid. In this process the particles enter to the deadman from both main flow area of particles and raceway zone.
Results and Discussion
The particle trajectories reproduced according to the transient flow field are depicted in Fig. 8 . The particles of which initial positions are higher than raceway zone and in the outer part move with main flow of descending particles and directly enter the raceway zone. Some particles started from inner part once go into the deadman and return to the main flow due to the upward motion of packed bed, then flow into the raceway. The particles departed from central region enter the deadman. These particles do not return to the main flow region even the hearth packed bed ascends. They descend deep into the deadman and move outward showing serrated trajectories due to the sink-float motion of the hearth packed bed. These particles finally reach to the raceway bottom and are discharged. Such route of the overall particle flow is similar to the one found by Takahashi et al. [9] [10] [11] Regarding the particles that depart the level of deadman surface and raceway, a portion of the particles is ejected from the deadman due to the upward movement, and go along the main particle flow. The other particles follows the motion of the particles that entered the deadman from central part. The particles having the initial position lower than raceway traverse outward. In the central part, horizontal distance that a particle moves in a single cycle of sink-float motion is smaller, and it gets longer when the particle travels to the outer part. The particles that initially locate lower than certain level only show pitching motion, and do not move horizontally (not shown in the figure) . Figure 9 shows the distribution of time required for particle transferring to raceway in the standard condition. In the deadman zone, particles need longer when their initial locations are farther away from the raceway zone. The particles that initially locate lower than about 0.2 m of the height from the bottom are unable to come out from deadman and to raceway any more. Figures 10 and 11 show the time distribution for particle discharging in short sink-float cycle and shallow hearth cases, respectively. When the pouring-and-drainage cycle is shortened, the contour lines of time for particle discharging in the deadman zone get closer to the raceway zone, ones in the main particle flow region get farther. This means that a particle in the deadman of which initial position is same needs longer time to be discharged in the short cycle condition. On the contrary, the contour lines get away from the raceway in the deadman zone and come closer in the main descending region in shallower bottom case.
These tendencies are explained by the variation of the height of the coke-free space. The hearth packed bed starts to float with some time rag from the beginning of water feeding because the packed bed starts to move up when the buoyancy becomes larger than particle load as shown in Fig. 12 . Therefore the maximum height of the coke-free space in the short cycle case lowers more than the ratio of accumulated water amounts (equivalent to pouring-drainage cycles) in short cycle and standard cases as shown in Fig. 13 . Consequently the vertical motion of the packed bed in the short cycle case gets smaller, and then the overall movement slows. On the other hand, the maximum height of coke-free space in the shallow bottom case is higher than standard case while the feeding-and-draining cycle, namely the amount of the accumulated water, is same as the standard case. This results in the faster movement of the packed particles. Figure 14 shows the time distribution under no gas flow condition. The contour lines are much closer to the particledischarging hole, and the line of 70 ks locates higher than standard condition. This means that the area in which particles are discharged shrinks and the particles need longer time to reach the discharging hole. When the no gas is fed to the packed bed, no upward force due to the drag works on the packed bed, thus the floating of the hearth packed bed is suppressed. Figure 15 shows the volumetric flow rates of particles passing through three boundaries. The particle flows in the direction of open arrows shown in Fig. 6 are plotted as pos- itive value. At the deadman surface the particles gradually flow out from the deadman zone in the pouring period, while they flow into the deadman in the draining stage. At the raceway bottom, particles show similar behavior, but the outflow rate from the deadman in the feeding period is higher than that passing through the deadman surface. At the raceway ceiling the particles always go into the raceway zone. More particles transfers into the raceway zone in the water drainage period compared with the feeding stage.
The particle flow rates averaged over the cycle passing through three boundaries are summarized in Table 2 . The particle flow rates averaged over the cycle passing through the deadman surface are more than 10% of the total discharging rate from the discharging holes in all cases. The rate through the deadman surface decreases in short cycle case and increases in shallow bottom case. Although the analogy between the actual blast furnace and the half-cut model used in this study needs some more discussion, the particle movement induced by the sink-float motion of hearth packed bed is an indispensable mechanism of the deadman renewal.
Conclusions
Effect of the sink-float motion on the deadman renewal behavior is experimentally studied using the half-cut blast furnace cold-model. Transient velocity field in the deadman zone is obtained from the measured particle trajectories, and the distribution of time required for particle transferring to the raceway zone is calculated based on it. This distribution enables quantitative discussion on the deadman renewal behavior. The particles need longer time when the amount of accumulated water in the hearth decreases, the depth of the hearth is deeper, or gas flow rate decreases. This tendency is explained by the height of sink-float motion of the hearth packed bed. The ratio of particle flow rate passing through deadman to raceway to total discharging rate from the raceway in this study is about 10% and this value is comparable to the ratio of coke consumption by carburization to charged coke in blast furnace under all coke operation. The particle movement induced by the sinkfloat motion of hearth packed bed is considered indispensable as a mechanism of the deadman renewal.
